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Short Communication

A DNA prime, orally delivered protein boost
vaccination strategy against viral encephalitis
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Arboviruses of the families Togaviridae and Flaviviridae are widely dis-
tributed and are important causative agents of viral encephalitis, a severe and
often fatal disease. The only internationally available vaccine against these
diseases is expensive and laborious to manufacture and difficult to adminis-
ter. Therefore, new vaccines are required against these pathogens. This study
investigates the use of a DNA-prime, orally delivered protein boost vaccina-
tion strategy against viral encephalitis. This vaccination strategy was immuno-
genic and provided partial protection against viral encephalitis in a murine
model, demonstrating the possible applicability of this vaccination strategy for
the management of endemic encephalitis. Journal of NeuroVirology (2007) 13,
284–289.
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Arboviruses that cause encephalitis in humans
are widely distributed and place a significant dis-
ease burden on affected communities. Viral en-
cephalitis is a severe disease that results in the
damage of large areas of the central nervous sys-
tem (CNS) due to virally induced neuronal death
and the inflammatory immune response (Jan and
Griffin, 1999; Nargi-Aizenman and Griffin, 2001).
Case-fatality rates vary depending on the causative
virus but range from 3% to 70% for viruses of the
families Flaviviridae and Togaviridae (reviewed in
Tsai et al, 1999). The most medically important ar-
bovirus is the Japanese encephalitis (JE) virus, which
is responsible for 50,000 cases of encephalitis annu-
ally, 10,000 of which are fatal (World health Orga-
nization [WHO], 2006). The JE virus is distributed
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throughout Asia and is spreading beyond its tradi-
tional boundaries to new parts of India and, as of
1998, Australia (Hanna et al, 1996, 1999; Igarashi
et al, 1994). The only vaccine available internation-
ally against JE is a mouse brain-derived inactivated
(MBDI) vaccine, although cell culture–derived inac-
tivated and –attenuated vaccines are in use in the
People’s Republic of China (WHO, 2006). Vaccines
against other arboviral encephalitides are not gener-
ally available.

The MBDI vaccine against JE is difficult to adminis-
ter in resource-poor regions owing to a reliance on in-
jection, which requires equipment and trained med-
ical personnel and carries the risk of transmission of
blood-borne pathogens if performed incorrectly. The
requirement for several primary and booster doses
and the reliance on a cold chain for distribution fur-
ther hinders vaccine coverage (reviewed in Tsai et al,
1999; WHO, 2006). The effective distribution and ad-
ministration of this vaccine is consequently limited
in many of the resource poor regions where JE is en-
demic. Therefore, the development of new vaccines
is a priority.

DNA vaccines are heat stable, comparatively in-
expensive, and easy to produce using bacterial cul-
ture and plasmid preparation protocols (Chen et al,
1999; Deliyannis et al, 2000). DNA vaccines are also
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relatively safe as they are free of extraneous vac-
cine components that can cause unwanted reactions,
which have been observed during the use of the MBDI
vaccine (Berg et al, 1997; Chen et al, 1999; Deliyannis
et al, 2000). Whereas the DNA vaccines studied here
are reliant on injection, oral administration of DNA
vaccines has been performed successfully in several
studies against a variety of pathogens (Zheng et al,
2002). Vaccination via the mucosal route also has the
potential to eliminate many of the problems associ-
ated with current vaccines against JE. The compara-
tive ease of mucosal delivery, especially via oral inoc-
ulation, means that delivery is noninvasive and less
training is required to administer the vaccine. The use
of subunits rather than whole pathogens is an added
safety feature as it eliminates the risk of reversion
to virulence, which exists with the use of attenuated
vaccines.

This report details the early development of a
DNA-prime, orally delivered protein boost vacci-
nation strategy against viral encephalitis aimed at
overcoming the shortcomings of the current vaccine.
The murine model of Sindbis virus (SV)-induced en-
cephalitis was used to assess vaccine efficacy. SV-
induced encephalitis in mice is a very similar disease
to arboviral-induced encephalitis in humans, making
this a good model with which to study these diseases
(Griffin and Johnson, 1977). The major immunologi-
cal target of SV is the E2 protein, a constituent of the
SV glycoprotein spike complex, which contains the
major B cell epitopes of SV (Schoepp and Johnston,
1993). The DNA vaccines and protein antigen con-
sisted of the E2 gene or the E2 protein, respectively.

DNA vaccines used in this study were based on
the pCI-neo vector (Promega) containing the SV E2
gene with an upstream Kozak sequence and a down-
stream FLAG tag (pNF). The capacity of these con-
structs to serve as a template for protein translation
in vitro was demonstrated by expression of the E2
protein in a cell-free rabbit reticulocyte lysate system
(Promega) and in transfected mammalian COS-1 cells
(Figure 1). These experiments showed that the plas-
mids were functional in mammalian cells. Prelimi-
nary mouse experiments also showed that these con-
structs were capable of eliciting humoral and cellu-
lar immune responses when injected intramuscularly
(data not shown). The protein-based subunit vaccine
was expressed in Esherichia coli BL21(DE3) as a SV
E2–maltose-binding protein fusion (MBP-E2), to fa-
cilitate solubility and purification. The expression
and purification of MBP-E2 yielded a mixture con-
sisting of proteins of the expected sizes of MBP-E2
and MBP fused to fragments of E2 (Figure 2). A pre-
liminary mouse experiment demonstrated that MBP-
E2 was immunogenic via intraperitoneal injection
and the resulting humoral immune response pro-
vided partial protection against challenge (data not
shown).

These vaccines were then combined in a DNA-
prime, oral protein boost vaccination strategy. Two

Figure 1 Characterization and detection of proteins expressed
by DNA vaccine constructs in vitro and in mammalian cells.
(A) DNA constructs pCI-neo-FLAG (pNF)-E2 or pNF were added
to a rabbit reticulocyte lysate and T7 polymerase mixture and pro-
teins expressed were metabolically labelled with 35 S-methionine.
(B) COS-1 cells were transfected with DNA constructs pNF-E2 or
pNF. Cells were stained with propidium iodide and probed with
anti-FLAG fluoroscein isothiocyanate (FITC)-conjugated antibod-
ies. Cells were observed by confocal microscopy and images were
recorded using FITC and Texas Red filters. The data shown are
representative of two independent experiments.

doses of 50 μg of DNA were administered intramus-
cularly on days 0 and 14 followed by doses of re-
combinant MBP-E2 protein or saline, administered
orally, on days 21, 28, and 35. Doses of protein and
saline contained 2.5 mg of crude saponins (Sigma),
which has been shown to be an effective oral ad-
juvant (Maharaj et al, 1986; Pickering et al, 2006).
A positive-control group received two doses of 2500
plaque-forming units of the attenuated 633 strain of
Sindbis virus intraperitoneally on days 0 and 14 and
were not boosted (IP633). All mice were challenged

Figure 2 Soluble expression and purification of maltose-binding
protein–E2 fusions. Bacterial cultures were induced to express pro-
tein and incubated at 18◦C for 3 h prior to lysis and purification
of MBP-E2 using amylose binding resin. Purified proteins (2.5 μg)
were electrophoresed using SDS-PAGE and (A) Western blotted
and probed with hyperimmune mouse serum against Sindbis virus
or (B) Western blotted and probed with anti–maltose-binding pro-
tein antibodies. The data shown are representative of five indepen-
dent experiments.
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intranasally on day 49 with 2000 plaque-forming
units of neuroadapted SV, a virulent, murine adapted
strain of SV (Dropulic et al, 1997). This challenge con-
sistently causes overwhelming encephalitis in mice
up to 12 weeks of age (data not shown).

Each group consisted of 10 3-week-old female
BALB/c mice and the groups were organized as fol-
lows: four mice were killed on day 55 to obtain serum
samples, spleens and brains. The remaining six mice
were not killed until the end of the experiment on day
71 unless they displayed symptoms of encephalitis.
Serum samples, spleens, and brains were also taken
from mice when killed. Serum samples were assayed
for anti-SV immunoglobulin G (IgG), IgG1, and IgG2a
via enzyme-linked immunosorbent assay (ELISA) us-
ing 96-well plates coated with concentrated SV par-
ticles. Splenocytes isolated from removed spleens
were stimulated with inactivated SV strain 633 for
3 days and the culture medium was then removed
and assayed for the presence of interferon gamma
(IFN-γ ) via a sandwich ELISA (Progen). Brain tissue
removed from mice was homogenized in enriched
Eagle’s Basal cell culture medium and the resulting
suspension was assayed for the presence of SV in
a plaque assay using confluent monolayers of baby
hamster kidney cells.

The prime boost vaccination strategy was effective
in delaying the development of encephalitis in vacci-
nated mice. This was particularly evident 7 days post
challenge, when all unvaccinated mice displayed
symptoms of encephalitis and were killed whereas
50% of vaccinated mice were still protected, show-
ing only mild or no symptoms of encephalitis. Greater
mean titers of anti-SV serum IgG antibodies were de-
tected in vaccinated mice than in unvaccinated mice
and these differences were statistically significant
(P < .05) (Figure 3A). The importance of humoral im-
munity is supported by published literature (Levine
et al, 1991; Ubol et al, 1995).

Cellular immune responses measured 5 days post
challenge were greater in vaccinated mice than in un-
vaccinated mice (Figure 3B). However, at death, the
cellular immune response had decreased in vacci-
nated mice and increased in unvaccinated mice such
that, with the exception of the IP633 group, unvacci-
nated mice had greater mean IFN-γ titers than vac-
cinated mice, although statistically significant dif-
ferences were not observed (Figure 3B). These data
suggest that the immune response to challenge was
skewed to cellular immunity in unvaccinated mice
and towards humoral immunity in vaccinated mice.
This is supported by analysis of the mean anti-SV
serum IgG1:IgG2a titer ratios. The production of IgG1
is indicative of a Th2-type response whereas the pro-
duction of IgG2a is indicative of a Th1-type response
(Figure 3C). These data show that the immune re-
sponses elicited by challenge were skewed toward a
humoral immune response in vaccinated mice and
toward a cellular immune response in unvaccinated
mice (Figure 3C).

Measurement of mean viral loads in the CNS in-
dicated that vaccinated mice were better able to
clear virus from their brains than unvaccinated mice,
which may have limited virally induced pathology
in the CNS of vaccinated mice. This was evident of
vaccinated mice having lower mean viral loads in
their CNS at death than unvaccinated mice (P val-
ues of .0409, .0211, and .0885 comparing pNF-saline
viral loads to those of pNF-E2/E2, pNF-E2/saline, and
pNF/E2 at death, respectively) (Figure 3D). The de-
crease in viral load from 5 days post challenge to
death was also greater in vaccinated mice than in un-
vaccinated mice, indicating the rate of viral clearance
in the CNS of vaccinated mice was greater than in
unvaccinated mice (Figure 3D). The decrease in viral
loads in the CNS from 5 days post challenge to death
also demonstrates that mice did not die at the peak of
viral replication in the CNS, as shown in other stud-
ies (Figure 3D) (Griffin, 1981).

Pearson correlations were performed to deter-
mine if there was a relationship between any of
the variables measured. A strong negative correla-
tion was observed between viral load and length
of survival (Rho = −0.815, P < .0001, n= 64), in-
dicating that viral load in the brain provided a
sub-protective measure of vaccine efficacy. Correla-
tions were also observed between anti-SV serum IgG
titers and extended survival (Rho = 0.474, P = .0003,
n= 53) and anti-SV serum IgG titers and viral load
(Rho = −0.427, P = .0014, n= 52). A correlation was
not observed between IFN-γ production and viral
load measured at death. These data demonstrate the
importance of humoral immunity against viral en-
cephalitis, as shown in other studies (Levine et al,
1991; Ubol et al, 1995).

The DNA-prime, oral protein-boost vaccination
strategy used in this study was immunogenic and
provided partial protection against viral encephali-
tis. Several aspects of the prime-boost vaccination
regimen could be modified to improve the protection
afforded against challenge. It is likely that a modi-
fied boosting antigen would lead to greater protection
against challenge, as the boosting antigen used here
may have lacked immunodominant epitopes present
on the E2 proteins produced following DNA vaccina-
tion. The use of another expression system to produce
this protein, such as plants, yeast, and mammalian
cell culture, may result in an improved vaccine
antigen.

Age-dependent resistance to SV-induced en-
cephalitis in mice is well established (Labrada et al,
2002). Therefore, the murine model of SV-induced
encephalitis requires the use of a relatively ‘com-
pressed’ vaccination schedule to ensure that mice
are susceptible to encephalitis when they are chal-
lenged. As the time interval between vaccine doses
required to maximize immunity is generally consid-
erably longer, particularly in prime-boost vaccination
regimens, it is likely that substantial improvements in
protective immunity can be obtained by optimizing
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Figure 3 Immune responses and viral load measured at day 55 and at death following vaccination using prime-boost vaccination
regimens. Data are loge transformed and mean values for each group are shown, with error bars indicating standard error. Mice were
injected with DNA on days 0 and 14 and administered protein boosts on days 21, 28, and 35. Mice were challenged on day 49. (A) Anti-
Sindbis virus IgG titers measured by ELISA using serum samples obtained at death (n= 6). Percentage survival of these groups measured on
day 56 (7 days post challenge) is also shown. ∗Statistically significant difference compared to the pNF-saline group (P < .02). (B) Cellular
immune responses were measured by stimulating splenocytes with ultraviolet light–inactivated Sindbis virus strain 633 and measuring
IFN-γ production by ELISA. Splenocytes were isolated post challenge on day 55 (n= 4) and at death (n= 6). Data from the pNF-E2 group
was not obtained on day 55. (C) Anti-Sindbis virus IgG1 and IgG2a were measured by ELISA using serum samples obtained at death
(n= 6). (D) Viral loads were measured via plaque assay on homogenized brain tissue using baby hamster kidney cell monolayers. Brain
tissue was isolated post challenge on day 55 (n= 4) and at death (n= 6). Virus was not detected in mice in the IP633 group. Percentage
differences between viral loads measured 5 days post challenge and at death in each group are also shown. ∗Statistically significant
difference compared to the pNF-saline group in the day of death data set (P < .05). ND, not done.
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the vaccine schedule. Although the ‘compressed’ vac-
cination schedule is a limitation of the murine model
used in this study, it does suggest that the data pre-
sented here may be an underestimate of the potential
efficacy of these vaccines.

Collectively, the immunological data presented
here demonstrate the importance of humoral im-
munity against viral encephalitis. They also indi-
cate that cellular immunity against viral encephalitis
may be detrimental, as observed when comparing the
cellular immune response measured in unvaccinated
mice to that measured in vaccinated mice at death
and the IgG1/IgG2a ratios observed in vaccinated and
unvaccinated mice at death. Published data concern-
ing the role of cellular immunity highlight both pos-
itive and negative impacts on the affected animal
(Binder and Griffin, 2001; Rowell and Griffin, 2002).
The data obtained in this study suggest that, over-
all, cellular immunity is probably not desirable and
may impede recovery from encephalitis. The vacci-
nation strategy used in this study has been shown to
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